Abstract. We have performed multicolor CCD observations of the central area of NGC 752 to search for faint, low-mass members of this open cluster. Four 12 ′ ×12 ′ fields were taken on the 1.8 m Vatican Advanced Technology Telescope (Mt. Graham, Arizona) using a 4K CCD camera and eight intermediate-band filters of the Strömvil (Strömgren + Vilnius) system. In this paper we present a catalog of photometry for 405 stars down to the limiting magnitude V = 18.5, which contains V magnitudes and color indices of the Vilnius system, together with photometric determinations of spectral types, absolute magnitudes M V , interstellar reddening values E Y −V and metallicity parameters [Fe/H]. The good quality multicolor data made it possible to identify the locus of the lower main sequence to four magnitudes beyond the previous (photographic) limit. A relatively small number of photometric members identified at faint magnitudes seems to be indicative of actual dissolution of the cluster from the low-mass end.
INTRODUCTION The open cluster NGC 752 [α(2000) = 01
h 57.7 m , δ(2000) = +37
• 47 ′ ; ℓ = 137.1
• , b = −23.3 • ], located in Andromeda at a distance of about 450 pc, is one of the very few nearby clusters in the age range from 1 to 2 Gyr. With its relatively small number of probable proper-motion members, around 130 (Platais 1991) , which are observed out to 40 ′ from the cluster center, NGC 752 has long been the subject of some controversy regarding its lower main sequence: the great majority of the cluster members are found in the region of the turnoff, whereas the lower part of the main sequence appears to be very sparsely populated. From the available photometric, proper-motion and radial-velocity data the cluster's main sequence has been long known to at most V ∼ 14.5 mag, or 4 mag below its turnoff
Fig. 1. Four 12
′ ×12 ′ VATT subfields shown on the image of the total area of NGC 752 taken by Zdanavičius et al. (2010) .
point (see, e.g. Daniel et al. 1994) . This is generally thought to reflect both a lack of observations at magnitudes fainter than the available (photographic) limit and dynamic escape of low-mass stars from the cluster.
To define the extension of the cluster's main sequence towards fainter magnitudes, multicolor CCD observations of the cluster field have recently been undertaken. In the paper by Zdanavičius et al. (2010) , a catalog of photometry for ∼ 3000 stars down to V ∼ 18.0 mag in the 1.5 square degree field observed with the Maksutov-type 35/51 cm telescope of the Molėtai Observatory, Lithuania, was published. The color-magnitude diagram (CMD) based on these wide-field observations has provided a good indication of the extension of the cluster's main sequence to nearly V ≈ 16, i.e., down to ∼ 5 mag below the turnoff point. At fainter magnitudes, however, the scatter of points due to photometric errors has not allowed them to distinguish the cluster sequence from field stars.
In the present paper we publish seven-color CCD photometry down to fainter limiting magnitudes, obtained with the 1.8 m Vatican Advanced Technology Telescope (VATT) in four subfields covering the central part of the cluster. In Section 2 we describe our CCD observations and data reductions, and present the catalog of photometry. The methods used to determine the parameters of individual stars, such as spectral types, absolute magnitudes, color excesses due to interstellar reddening, and metallicities, are described in Section 3. In the same section, the catalog of these parameters is described. Section 4 presents a general discussion of our material, and Section 5 gives a brief conclusion.
OBSERVATIONS AND REDUCTIONS
The multicolor observations in eight intermediate-band filters of the Strömvil (Strömgren + Vilnius) system were obtained during two separate runs, on the nights 2007 November 2-8 (run "SQ") and six nights between 2008 October 28 and November 5 (run "SU"), using a 4K CCD camera on the 1.8 m VATT telescope on Mt. Graham, Arizona. The pixel scale of the CCD, 0.37 ′′ per pixel, yielded a viewing area of 12 ′ × 12 ′ . Both short and long exposures were taken in four partly overlapping 12 ′ ×12 ′ subfields, C (Central), E (Eastern), N (Northern) and NW (Northwestern), covering roughly the central part of the cluster (Figure 1 ). The seeing was generally quite good during both runs, mostly 0.8 ′′ -1 ′′ , but degrading at times to 2 ′′ . All observations of the cluster were performed at airmass less than 1.5. The standard field of the open cluster M 67 from Laugalys et al. (2004) was observed during each run for photometric calibrations. 3×350 3×300 3×200 1×10 3×600 3×200 3×200 3×200 3×600 3×20 4×200 2008  2×12  4×5  4×3  6×3  3×10  3×4  3×3  3×3  Oct 28 -Nov 5 3×14  3×50  3×30 3×4  1×12  2×5  1×4  2×6  (SU)  1×30  6×400 3×300 1×5  3×100 3×40  3×30  3×30  2×60  3×500 6×6  3×1000 6×400 7×300 6×300  3×140  2×15 2×1800  3×1400  4×30  2×60  5×300   E  2007  3×30  3×9  3×7  4×7  2×20  4×7  3×7  3×7  Nov 2-8 3×300 3×90  3×70 3×70 1×30  4×70  3×70  3×70  (SQ)  3×200   N  2007  2×10  5×9  3×7  2×4  3×10  3×7  3×7  3×7  Nov 2-8 3×30  3×90  3×70 3×7  3×20  3×70  3×70  3×70  (SQ)  3×300  3×79 3×200  4×600  3×700 3×600   NW  2008  1×20  1×4  3×3  3×3  1×10  1×4  1×3  1×6  Oct 28 -Nov 5 3×33  4×8  3×30 1×6  3×20  3×8  3×9  5×15  (SU) 3×330 3×80 3×300 6×30 3×200 3×80 3×90 4×150 1×1800 3×300 1×1800 1×1800 1×1800 † Strömgren magnitudes u, v, b and y can be transformed into Vilnius magnitudes U , X, Y and V , respectively, and vice versa.
The numbers of frames taken in each filter and each subfield are summarized in Table 1 . The mean wavelengths of the filters used are also given in the table (for a detailed description of the Strömvil system, see Straižys et al. 1996) . CCD frames Singled out as fourcornered crosses are the errors in photometry of long-exposure frames of the run SU (subfields C and NW) calibrated using a "catalog" obtained from short and medium exposures of the same subfields.
were processed using the COMMANDPHOT software (Janusz 2007) with IRAF 1 . Flatfield corrections were based on observations of the standard field of M 67, on average three short-exposure frames per filter, calibrated using the catalog by Laugalys et al. (2004) . Figure 2 shows photometric standard errors returned from COMMANDPHOT as a function of V magnitude. It can be seen that these are all sufficiently small because of the high S/N ratio. At the fainter end of magnitudes, the formal errors are generally lower than 0.02 mag for V and lower than 0.05 mag for color indices. Somewhat better accuracy at fainter magnitudes is achieved for the run SU (subfields C and NW; see four-cornered crosses in Figure 2 ) for which the long-exposure frames were calibrated using a catalog created from calibrations of short-and medium-exposure frames obtained in the same subfields.
The corrections for atmospheric extinction in each color were determined by the photoelectric standard stars located in the same field of NGC 752 (Bartašiūtė et al. 2007 ). As we observed partly overlapping subfields, we also checked and confirmed that the photometry derived from different subfields showed very little (< 0.01 mag) difference in the results. For the transformation of the VATT CCD magnitudes and color indices to the standard Vilnius system UPXYZVS, both the standard cluster M 67 and the photoelectric standards in NGC 752 were used. The latter standards were also used as an independent check on the accuracy of our CCD photometry, as shown in Figure 3 . The calibration equations relate observed to standard values with rms residuals of 0.022 mag for U -V , 0.026 mag for P -V , and 0.014 to 0.010 mag for the remaining color indices. A comparison between our V magnitudes and photoelectric estimates from the literature (mainly from compilation by Daniel et al. 1994 ) reveals no systematic trend or zero-point offset (bottom panel of Figure 3) ; the rms residual is 0.017 mag.
The (x,y)-coordinates of stars were transformed to the Right Ascension and Declination using stars common to the Guide Star Catalog (version 1.2; Morrison et al. 2001) and may be accurate, on average, to about 1 ′′ . A total of 405 stars down to 18.5 mag have been measured in the four subfields. The resulting catalog of photometry is given in Table 2 . The columns list, in succession, the running number, the Heinemann (1926) number (if available) which in the WEBDA Data Base 2 is accepted for this cluster as the main numbering system, equatorial coordinates J2000.0, V magnitude and the color indices of the Vilnius system: U -V , P -V , X-V , Y -V , Z-V and V -S. For some of the stars not all color indices could be measured because of too low S/N ratio, vignetting problems or detector blemishes. Such stars were retained in the final catalog if at least their V magnitudes and Y -V colors are measured.
PARAMETERS OF INDIVIDUAL STARS
The stars of our photometric catalog were classified in terms of spectral types, absolute magnitudes M V , color excesses E Y −V due to interstellar reddening, and metallicities [Fe/H] . For this, a three-step procedure has been applied.
As a first step these parameters were derived through a standard procedure for comparison of five reddening-free Q parameters of observed stars, Q U P Y V , Q P XY V , Q XY V , Q ZV Y V , and Q V SY V , with those of standard stars. As standards we used a bank of 4391 stars measured in the Vilnius system photoelectrically, which all have well determined absolute magnitudes from Hipparcos parallaxes and other parameters known, such as spectral types, intrinsic colors (Y -V ) 0 and metallicities. For each observed star a code finds a given number of standard stars with the closest Q-parameters and assigns to that star M V , (Y -V ) 0 , [Fe/H] and spectral type, averaged over the selected number of standards (we used typically the average of five).
As a second step, we have undertaken quite a similar procedure, but instead of five Q parameters we used a comparison of six intrinsic color indices (hereafter CI). For the observed stars the latter were calculated with the reddening values E Y −V taken as the difference between observed Y -V (Table 2 ) and (Y -V ) 0 obtained from the above-described first step of classification. As standards we used here a set of 3122 stars, extracted from the above-mentioned bank of 4391 stars, which are either unreddened (nearby) or, if slightly reddened (e.g., at higher Galactic latitudes), have well-determined intrinsic colors. Both steps of classification, with Q parameters and with intrinsic color indices, give generally the same result. But in rare occasions a comparison of Qs alone can give an ambiguous or erroneous result, especially when not all six color indices are available. In the case of disagreement between the two results of classification, i.e. from Qs and CIs, for such a star the second step was repeated by varying its E Y −V until successive iterations found the closest standards with the minimum rms difference, ∆ CI, between the corresponding intrinsic color indices of that star and the standards found. Thus, a comparison of intrinsic color indices was used to confirm and refine the results of photometric classification obtained from comparison of Qs.
Finally, the results of classification were used for the determination of interstellar extinction values (using extinction to reddening ratios from Kazlauskas 1996) , distances (using M V , V and A V ) and refined values of [Fe/H] . The latter were determined using the color indices (P -X) 0 , (X-Y ) 0 and (P -Y ) 0 calibrated in terms of [Fe/H] by Bartkevičius & Sperauskas (1983) . We only slightly extended their calibrations by incorporating the index (P -X) 0 for dwarf stars, which was originally calibrated only for giants. The calibrations are valid for stars of spectral classes F to M and metallicities down to -2.5 dex for dwarfs and -3.0 dex for giants. Application of these calibrations to stars with accurate colors can provide estimates of [Fe/H] accurate to ±0.15 dex, that is, of similar or somewhat better accuracy than those extracted from comparison of Qs or CIs. The primary advantage of using the calibrated color indices against the method of comparison is that the latter is highly dependent on the degree of representation of all metallicities in the bank of standards, often a major source of classification error for extremely metal-deficient or otherwise peculiar stars. For late-type dwarfs, K7 to M, to which metallicity calibrations do not apply, [Fe/H] values were extracted from the closest standards found, but only in those rare cases when such standard stars had [Fe/H] estimates from high-dispersion spectra. In the case when either P or X magnitude was not measured, metallicities were determined using only one calibrated color index instead of three. No metallicity values could be determined for stars lacking both P and X magnitudes.
In Figure 4 we plot for each star classified the rms differences ∆ CI between its intrinsic color indices and those of the closest standards as a function of the color index Y -V (panel a) and V magnitude (panel b). It should be noted that ∆ CI (as well as ∆ Q) reflects the combined effect of photometric errors (S/N ratio, calibrations), uncertainties in stellar parameters of standard stars used for comparison of CIs (or Qs) and the degree of representation of various types of stars in the bank of standards used. As we can see, the dependence on magnitude follows the trend of photometric errors seen in Figure 2 . Late type stars (Y -V > 0.9, or K-M; panel a) are classified, on average, less accurately, with ∆ CI values reaching 0.04 mag or sometimes even larger.
The results of classification are presented in Table 3 . The running number, Heinemann number, coordinates and V magnitude from Table 2 letters to denote spectral classes and the designations sd, mdsg and mdg to denote subdwarfs, metal-deficient subgiants and giants with photometric metallicities [Fe/H] ≤ -0.6. In the column of remarks, the designation "M" indicates a probable member according to proper-motion and/or radial-velocity analyses summarized by Daniel et al. (1994) , "pm" stands for photometric members identified from our classification (see §4.1). An asterisk indicates that there is a note at the end of the catalog.
It should be noted that some cases remain where a definitive classification was impossible, especially when too few color indices were measured. For stars having no U and P magnitudes measured, their M V values should be considered to be of significantly lower quality despite the generally good ∆ CI values (∆ CI simply is smaller for fewer color indices). For a few stars with clearly ambiguous results of classification, alternative parameters are provided in the notes to Table 3 . We also note that in the case of unresolved binaries, the photometric effects of their non-equal-mass secondaries can significantly affect the photometrically determined metallicity, as well as the derived values of M V and E Y −V .
We do not present in the catalog the distances from the Sun as these can be calculated from the tabulated values of V , M V and E Y −V . The latter can be converted to A V using the extinction to reddening ratio (Kazlauskas 1996) .
DISCUSSION

Photometric members
The derived photometric parameters of individual stars can be used to identify candidate members of the cluster, or, at least, to eliminate field stars. We consider any star to be a photometric member if its distance modulus, metallicity and color excess due to reddening match within given errors the corresponding parameters of the cluster, based on probable members known from proper-motion and/or radialvelocity analysis. In Table 3 , we have 40 stars (marked as "M" ) which, according to the list by Daniel et al. (1994) , are probable members. The cluster parameters derived from an average of our classifications for 39 of these stars (one star, No. 320, has only U,Y,V magnitudes measured and cannot be classified) are the following:
the errors given here and throughout the paper are standard deviations for one star. Adopting to these values of V -M V and [Fe/H] a 2σ criterion to allow for the effect of classification errors and taking into account the photometric effect of unknown binaries, a total of 70 stars from Table 3 can be classified as photometric members. Their mean distance modulus is V -M V = 8.37±0.32 mag and the mean metallicity [Fe/H] = −0.16 ± 0.09 dex. Of these 70 stars, 37 are known members, two stars are known nonmembers and the rest 31 stars are photometric candidates (in Table 3 marked by "pm") that remain to be checked for their membership on the more rigorous basis. For 61 stars from Table 3 , which we have in common with the list by Daniel et al. (including both probable members and nonmembers), photometric and astrometric/radial-velocity results show a remarkable coincidence in membership status, with only four stars, or less than 10%, showing the opposite. At fainter magnitudes this percentage can be larger because of lower S/N ratio and, consequently, larger classification errors.
CMD
The color magnitude diagrams V ,Y -V and V ,Y -S of all 405 stars from Table 3 are shown in Figure 5 , with the cluster stars (known members and photometric members) and field stars indicated by different symbols. To better discern among field stars the location of the cluster's lower main sequence, we plotted in the figure the same Padova isochrone (Z=0.016, 1.41 Gyr) which in the paper by Bartašiūtė et al. (2007) was fitted to the CMD of the cluster members measured in the Vilnius system photoelectrically. The model isochrone was transformed to the observational plane of the Vilnius system by Bressan & Tautvaišienė (1996) and is adjusted to an apparent distance modulus of 8.38 mag, taken from the above cited photoelectric work, and the foreground reddening E Y −V =0.038 derived in the present work ( §4.3). For the lower mass end of the main sequence (Y -V >1.0), however, transformations of the theoretical Padova or other models to the Vilnius system are not available. Therefore, at the fainter end of the CMDs we added a segment of the corresponding Y 2 (Yonsei-Yale 3 ) isochrone with Vilnius Y -V and Y -S colors converted from B-V (dashed line). The reason for choosing the latter isochrone was that for this particular region of CMD the Padova database provides quite discrepant color transformations than does, e.g., the Yonsei-Yale database (this has been shown, e.g., in Figs As we have an unbiased sample of stars observed in the central area of NGC 752, its main sequence should normally extend to the limit of our data, with the number of potential members increasing toward lower mass end. However, below the limit of the most complete census of astrometric membership (V ∼ 14.5 mag; Platais 1991) we actually count only about 30 stars along the isochrone and within the binary domain. Despite their location on, or near to, the isochrone, some of the photometric candidates may not necessarily be members of the cluster. On the other hand, a few stars with Y -V > 1.0, which have only two or three Vilnius magnitudes measured and cannot be classified (Nos. 3, 6, 134, 211, 215) , fall within the expected sequence (see the left-hand panel of the figure) and may not necessarily all be field stars.
If we extrapolate the number of stars located along the main sequence in Figure 5 across the entire diameter of the cluster, we would still have the paucity of lower-mass stars relative to the cluster's initial mass spectrum (and a total initial mass of 2200M ⊙ ) obtained from simulations . A relatively small number of stars at faint magnitudes in the region of the main sequence locus seems to be indicative of dissolution of the cluster from the low-mass end. Figure 6 shows the distribution of the color excesses E Y −V for stars in Table 3 . Individual values of interstellar reddening vary mainly in the range from 0.01 to about 0.09 mag. Taking only the probable members of the cluster, which are known from the literature (39 stars), we find the mean reddening E Y −V = 0.038 (or E B−V = 0.048), with a standard deviation of only 0.009 mag. If we consider together all photometric members (including the above-mentioned 39), the average value of reddening remains closely the same, E Y −V = 0.041, but with a slightly larger standard deviation (± 0.015 mag). However, three of the stars in this group, M dwarfs Nos. 9 and 236 and K dwarf No. 396, are classified (or, most probably, misclassified) as having discrepantly large values of E Y −V (0.09 to 0.11 mag) and account for most of the dispersion. If these three are dropped, the average reddening decreases marginally (E Y −V = 0.039), while the standard deviation drops to ± 0.010 mag. We note that from photoelectric Vilnius photometry of the cluster members the mean reddening was found to be somewhat lower, E Y −V = 0.027, or E B−V = 0.034 (Bartašiūtė et al. 2007) . From reanalysis of published estimates, Taylor (2007) 
Reddening in the direction of NGC 752
Background field stars
The overwhelming majority of the stars observed are background field stars (a sheet below V ≈ 15 in the diagram of Figure 5 ), which are located at distances out to ∼ 3 kpc and larger. They are classified mostly as metal-deficient dwarfs of spectral types from late F to late K, with a small admixture of metal-deficient giants. In Figure 7 we plotted their metallicities vs. z-distance from the Galactic plane. The cluster stars are shown as a single point, with the mean metallicity [Fe/H] = -0.16±0.09. The progressive decrease in metallicity with distance is evident by the wedge-shaped distribution of field stars. There does appear to be a clear indication of a gradient within the first kiloparsec from the Galactic plane. A linear least-squares fit to the data points in this distance range yields a slope of . This gradient can be explained by the transition from the intermediate-age to old thin disk and then to the thick disk and the contribution from the radial metallicity gradient in the Galactic disk. Assuming for the latter a slope of -0.06 dex kpc −1 (Friel et al. 2002) , the above value of vertical gradient should be scaled to d[Fe/H]/dz=-0.35±0.07 dex kpc −1 . At z distances larger than 1 kpc (or, respectively, at distances from the Sun, projected onto the Galactic plane, larger than roughly 2.5 kpc), our data show no further evidence for a metallicity gradient. A number of metal-poor giants, presumably of the spheroidal component, were classified to lie out to ∼ 10 kpc from the Galactic plane.
CONCLUSION
This work has provided multicolor observational material down to V ∼ 18.5 mag across the central part of NGC 752, covering less than one tenth of its entire area in the sky. The color-magnitude diagram clearly shows an inadequate number of low-mass stars with respect to the expected main sequence, at least in the central, observed part of the cluster. This points to the status of NGC 752 as a dissolving cluster. A more complete sampling of the cluster stars and analysis of its properties will be provided in a subsequent paper, where the present material is to be combined with recent wide-field (but less deep) Vilnius photometry obtained by Zdanavičius et al. (2010) for the entire field.
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